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Preface

This report is a quarterly summary of the research activities conducted by the Jet
Propulsion Laboratory in the field of nondestructive testing of solid-propellant rocket
motors. Section | details the progress in specific areas of research. An introduction to
the problems and objectives of the program is given in QSR 38-1; a bibliography of
the subject is presented in QSR 38-1, -2, and -3; Section | of QSR 38-4 presents a
general description of the subject areas covered by the entire program.

The work reported herein is undertaken in partial fulfillment of the Advanced Research
Projects Agency Letter Order No. 107-60, for the National Aeronautics and Space
Administration.
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l. Physical Properties Studies

A. Polymer Degradation
Mechanisms:
C"“-Labeled Polyoxypropylene
Glycol-Toluene Diisocyanate

J. D. Ingham and N. S. Rapp

1. Introduction

Previous work has indicated that when polyoxypro-
pylene glycol-toluene diisocyanate (PPG-TDI) labeled at
the urethane linkages with C'* is heated at 200°C, the
main volatile products of degradation are CO, and TDI
(Ref. 1). Since diffusion of TDI at lower temperatures
would be slow, especially for thick polymer or propellant
samples, carbon dioxide evolution at temperatures of 75
to 200°C is being studied. The primary objectives are to
establish the relationship between CO, evolution and
bond scission and to learn more about the mechanism of
degradation under conditions that do not favor the im-
mediate volatilization of diisocyanate from the system. If
n moles of a reactant are labeled with C'* having A dis-
integrations per minute (dpm) in an atomic position in-
volved in the reaction, a small amount of the product, A n

¥,

moles, is formed in the time A ¢ with a small amount of
radioactivity, A A dpm. Neglecting isotope effects,

A/n = AA/An D
the rate of formation of labeled reactant from Eq. (1) is

An/(VXAt)=nXAA/(VXAXAL) (2)

where n/V is the concentration of labeled reactant in
moles per liter. The half-life ¢,, for formation of the
product is given by

t, = 0.693 X A(At/AA) (3)

For slow reactions the concentration of reactants should
remain essentially constant and #, should be constant for
any value of t. However, ¢, will depend on different
initial reactant concentrations unless the reaction is first
order. In studies of the decarboxylation of alanine (Ref. 2)
and in this work, the rate (or t;,) is not constant, but
decreases with time, although it may decrease to a con-
stant rate after the initial rapid evolution of C**O,. It may
be that reactive intermediates (possibly peroxides) are
present at very small concentrations that change signifi-
cantly during CO, evolutions of the order of 0.2 wt %
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of the amount initially present as urethane, and thus
affect the rate of C'*O, evolution.

2. Experimental

Toluene diisocyanate labeled at the isocyanate groups
was prepared as described previously (Ref. 3). The PPG-
TDI polymers were prepared from 13.54 g of PPG of
molecular weight ~2000 and 1 cc of labeled diisocyanate
and cured for 16 hr at 142°C under nitrogen. The degra-
dation apparatus consisted of two tubes connected by a
large (10-mm) bore stopcock. One tube contained the
polymer and had a helium inlet that extended below the
polymer surface. Both sides of the apparatus were pro-
vided with inert gas inlets and vent stopcocks. The cold
side was large enough to contain a standard 22-ml count-
ing vial containing 1 ml of phenethylamine for CO, trap-
ping. The degradation tube was heated with refluxing
CCl, (76.5°C), refluxing toluene (110.2°C) or a 150°C oil
bath. During CO, trapping the cold side was immersed
in ice water. Trapping periods of 6 hr were used at 76.5
and 110.2°C. At 150°C the degradation tube was open
to the cold side except when taking samples or replacing
phenethylamine solution. Both sides of the tube were
purged with dry helium or nitrogen when taking samples,
but not during degradation. Intrinsic viscosities and activ-
ities were determined as described earlier (Ref. 3).

3. Results and Discussion

Results obtained so far at 76.5, 110.2 and 150°C are
shown in Figs. 1 and 2, in which fraction of radioactivity
lost as C*O, versus time is plotted. At 76.5°C the rate
was constant until about 400 hr, and then decreased. At
sufficiently long times it may decrease to a constant rate.
However, since time is a factor, the temperature of the
same sample was increased to 110.2°C. At this tempera-
ture, the rate is again decreasing. If it does not reach a
constant value within reasonable limits of patience, the
temperature will be increased and then decreased, and
the rates at 76.5 and 110.2°C will be redetermined, par-
ticularly to establish if they are constant. At 150°C, it
appears that a constant rate was obtained after ~300 hr,
with an accelerated rate between 800 and 1000 hr. It is
believed that this break was caused by inadvertent ad-
mission of air to the system. For comparison with rates at

lower temperatures, a part of this curve is also shown in
Fig. 1.

The intrinsic viscosities for the polymers and C“O,
evolution are shown in Tables 1, 2 and 3. The data in
Table 3 were reported previously and discussed in terms
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of TDI and C™QO, evolution (Ref. 1), but are included
here for comparison with data at the lower temperatures.
In Table 1 it can be seen that at 76.5°C the intrinsic
viscosity increases. The difference between 1.36 and 1.31
dl/g (after 600 and 725 hr) may not be significant because
the polymer was very viscous and therefore not well
stirred during helium purging; as a result viscosity errors
could arise because of inhomogeneity of the samples. It is
believed that this represents the highest molecular weight
PPG-TDI polymer ever prepared and provides a method
for preparing high molecular weight polyurethanes in the
absence of catalyst when time is not important. At 110.2°C
scission took place with an initially increased rate of evo-
lution of C*Q, that had been decreasing (Table 1 and

b
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Table 1. Change in intrinsic viscosity and carbon-14 activity of PPG-TDI at 76.5 and 110.2°C

Fraction Fraction
Temperatre, | Tme, | SERE NN | e | i | o | m | hcen
[7], dl/g M.* M,° bonds, §° bonds, af C’%O-_,, during fg:issit'mf
o
0 0.412 49,000 25,500 5.216 0.0666 0
100 0.627 95,000 48,500 2.268 0.0290 0.000352
220 0.754 126,000 64,000 1.477 0.0189 0.000732
76.5 436 1.052 210,000 106,000 0.495 0.00633 0.00146
508 1.048 210,000 106,000 0.495 0.00633 0.00167
604 1.362 315,000 158,500 0 [} 0.001795 0
725 1.305 297,000 149,500 0.060 0.000767 0.001975 0.000180
748 0.918 172,000 87,000 0.822 0.0105 0.002160 0.000365
846 0.940 180,000 91,000 0.742 0.00948 0.002389 0.000594
110.2 216 1.039 208,000 105,000 0.510 0.00652 0.002482 0.000687
1014 0.903 170,000 86,000 0.843 0.0108 0.002648 0.000853
1181 0.913 172,000 87,000 0.822 0.0105 0.002815 0.00102
1349 0.878 162,000 82,000 0.933 0.0119 0.002947 0.00115

¢Calculated from [n] = 0.413 X 104 M, 0
*From M, = (M, + M,)/2, assuming M, = 2000.
“From § = [X, /X, y1 — i X, = M,/2000.

dFrom a = S/(X
length, X

20y — 1. S and @ are ordinarily calculated after scission occurs; here values are shown before polymerization to the maximum chain
n(o)*

¢The fraction of CO, evolved before scission is subtracted to obtain these values.

Table 2. Change in intrinsic viscosity and carbon-14 activity of PPG-TDI at 150°C

Fraction Fraction Frt:'fd(i:?:‘
Time, Intrinsic Wt avg No. avg No. of of bonds of C* lost as
viscosity mol wt, mol wt, unlinked . fost as 14
hr [4], di/g M,° a° bonds, §° unlm!i(ed, cH0o., . c ?2 ..
' a i during scission®,
0 0.320 33.000 17,500 0.257 0.0257 0
20 0.338 36,000 19,000 0.158 0.0158 0.0077
40 0.345 37,000 19,500 0.128 0.0128 0.0107
60 0.348 37,500 19,750 0.114 0.0114 0.0116
80 0.373 42,000 22,000 0 0 0.0119 0
150 0.336 36,000 19,000 0.158 0.0158 0.0131 0.0012
220 0.329 34,500 18,250 0.205 0.0205 0.0141 0.0022
478 0.322 33,500 17,750 0.239 0.0239 0.0157 0.0038
645 0.319 32,500 17,250 0.275 0.0275 0.0162 0.0043
811 0.318 32,300 17,150 0.283 0.0283 0.0178 0.0059
977 0.305 30,500 16,250 0.354 0.0354 0.0217 0.0098
1144 0.290 28,200 15,100 0.457 0.0457 0.0223 0.0104
1310 0.285 27,500 14,750 0.492 0.0492 0.0240 0.0121
1478 0.287 27,700 14,850 0.481 0.0481 0.0244 0.0125
?Calculated from [] = 0.413 X 10-¢ M 0.6
®From M, = (M, + M,)/2, assuming M, = 2000.
cFrom § = [x"(o)/x"m] = 1; X, = M,/2000.
aFrom a = S/(Xﬂ(o) — 1). S and a are ordinarily calculated after scission occurs; here values are shown before polymerization to the maximum chain

length, X ©°

¢The fraction of yed before scission is subtracted to obtain these values.
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Table 3. Change in intrinsic viscosity and carbon-14 activity of PPG-TDI at 200°C

Frgcﬁon of
. Intrinsic Wt avg No. avg Fraction C™ activity Initial
Sa:;ple T'::_e' viscosity mol wt, mol wt, ct;,s. ‘;fc of bonds lost as NCO/OH
o [#1, dli/g M,° M.® ' cut, o c"0., ratio
f
1 0 0.339 46,500 24,250 0 0 0 1.05
16.0 0.262 24,200 13,100 0.851 0.0765 0.020
2 0 0.306 31,000 16,500 0 0 0
66.5 0.197 15,500 8,750 0.886 0.122 0.062 1.05
3 0 0.380 41,700 21,850 0 ] 0
113.0 0.172 12,500 7,250 2.318 0.234 0.098 1.05
4 0 0.319 32,500 17,250 0 1] 0 0.963
113.0 0.176 12,800 7.400 1.331 0.175 0.057
5¢ 0 0.379 43,000 22,500 0 0 [
114.0 0.211 17,050 9,525 1.362 0.133 0.056 0.963
aCalculated from [3] = 0.413 X 104 Mw"-‘M
bFrom M, = (M, + M,)/2, assuming M, = 2000.
cFrom S = [X, )/ Xp(e,] = Vi X, = M,/2000.
4From a = S/(Xn(o) - 1)
eThis polymer was degraded in dry nitrogen but not purged continuously; Nos. 1—4 were purged with dry nitrogen continuously at a flow rate of
200 mi/min during degradation.

Fig. 1). These results indicate that for PPG-TDI at room
temperature scission would not be expected and that a
sort of ceiling temperature exists between 75 and 110°C.

Extrapolation of high temperature data to ambient
conditions for these polymers could obviously lead to
unreasonable conclusions. At 150°C there was also an
initial increase in molecular weight; however, it is likely
that scission was occurring simultaneously, since the
maximum intrinsic viscosity obtained was only 0.37 dl/g
(Table 2). By comparison with Figs. 1 and 2 it can be
seen that shortly after scission became dominant, the rate
of C"0, evolution was constant except for the break in
the curve discussed previously. Table 3 shows the results
at 200°C. Since the shortest time for which measurements
were made was 16 hr, the molecular weight may have
first increased, although it is likely that scission was
dominant early during the heating period. These results
are not strictly comparable with the data at lower tem-
peratures, because only No. 5 was run without a continu-
ous nitrogen purge and the NCO/OH ratio for preparing
Nos. 1, 2 and 3 was 1.05, and, for 4 and 5, 0.963. Estimates
of the fraction of urethane bonds cut, «, and the fraction

of C"0, volatilized after scission starts are given in
Tables 1, 2 and 3 and in Fig. 3. There is considerable
scatter in the data, especially at 200°C, for the reasons
mentioned above; also at this temperature each point
represents a polymer of different initial molecular weight.
However, some interesting features of the results can be
pointed out. The results for 110°C (dark points) are plot-
ted on a twentyfold expanded scale. For this temperature
and this low extent of degradation the ratio of fraction of
urethane bonds cut to fraction of C*O, evolved, «/f, is
~10. For the data at 150°C, «/f is ~3 and at 200°C may
be further reduced to 2 or less. This indicates that at low
values of «, under conditions unfavorable for scission by
the volatilization of TDI, most of the cuts occur by some
other reaction than volatilization of C**Q.. Again it ap-
pears that some other scission reaction takes place, pos-
sibly peroxide or other weak bond rupture. Considering
the results at 200°C, /f for No. 5 is less than for No. 4,
which is expected, since the latter was purged with
nitrogen continuously, thus allowing scission by TDI
volatilization leaving fewer urethane bonds that can be
broken to evolve CO,. For Nos. 1, 2 and 3, «/f should
be less than for 4 and 5, since the NCO/OH ratio was less

>
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for 4 and 5; that is, the higher the initial excess of isocy-
anate the larger the expected evolution of C™O, per
scission. It appears then that the large scatter for the
data at 200°C can be qualitatively explained on the basis
of changes in known experimental variables.

4. Conclusion

The use of radioactive tracers for degradation studies
can provide useful information about the mechanism of
slow degradation reactions at specific bond sites at mod-
erate temperatures. Thus far, an approximate “ceiling”
temperature for scission has been determined for PPG-
TDI; a weak bond scission reaction that may not involve
urethane bonds has been indicated, and an approximate
empirical relationship between scission and C"*O, evolu-
tion has been established for low extents of degradation.
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B. Application of Surfactants to
Solid Propellants

B. G. Moser, A. J. Bauman, and R. F. Landel

1. Introduction

Previous reports (QSR 38-11, 38-12, 38-13, SPS 37-20,
Vol. IV, Refs. 4, 5) have shown that there is an optimum
concentration of a given surfactant in a given slurry
system to produce a minimum viscosity. In earlier work
it was not generally recognized that such an optimum
existed, that the surfactant concentration at that optimum
was very low (on the order of 0.2 wt %), and that the
reactivity of many surfactants with the binder made
adjustment of reagent parameters necessary.

The use of surfactants in solid propellants to reduce
the mix viscosity has two important implications: first,
the possibility of higher I,,; secondly, the capability of
mixing higher solids loaded propellant makes it possible
to include a small percentage of prilled or porous oxi-
dizer without reducing the propellant density. It is postu-
lated that the prilled oxidizer, by introducing a vastly
increased burning surface, will increase the burning rate
proportionally.

A third advantage that may be realized ultimately from
the use of surfactants is an increased bond between the
filler and the binder. If the polar group of a surfactant
can be made to chemically react with, or to sorb strongly
onto, the filler surface, and the nonpolar hydrocarbon tail
can be made to react with the binder during the cure,
then there is the possibility of improved physical prop-
erties as well. Unfortunately the mechanism of adsorp-
tion, not to mention the viscosity-reducing properties, of
surfactants onto solid salt surfaces from nonaqueous
media is poorly understood. A series of experiments, de-
signed to measure and explain these unknown factors, is
currently under way and will be reported later. If the
experiments are successful, “tailor made” surface active
agents can probably be made to fit specific requirements.

In the meantime work has been done using asolectin, a
phospholipid mixture derived from soybeans. In the ref-
erences listed above, the effect of this surfactant on the
viscosity of ammonium perchlorate, copper powder, alu-
minum powder, and glass beads slurried in POPG and
mineral oil was reported. In addition, an equation and
“master curve” that fitted all the available data was pre-
sented in Ref. 4.
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This current paper reports the cffects of asolectin on
the viscosity of 100 ;, HMX and RDX (hexanitrodiphen-
ylamine and trinitrotrimethylenetriamine, respectively)
in the same media; it reports the fit of this viscosity data
to the master curve; and it reports the effect of the surfac-
tant on the physical properties and burning rate of a
model ammonium perchlorate-polyurethane propellant.

2. Experimental

a. HMX and RDX viscosity. The HMX and RDX were
mixed in a 50-g sigma blade mixer at the Naval Ordnance
Test Station (NOTS), China Lake, California. A maxi-
mum of 02% (based on the filler) of surfactant was
added to the homogeneous mixes in a solution of approxi-
mately 2 ml of anhydrous ether; the ether was removed
by an additional 20 min of mixing under a vacuum. The
viscosity of the slurries was determined with a parallel
plate viscometer and a 16-mm movie camera as described
in Ref. 4. The parallel plate viscometer was used instead
of the simpler and faster glass plate method (also de-
scribed in Ref. 4 and in previous QSR’s) because the
hazard of working with HMX and RDX made manual
addition of surfactants quite inadvisable.

The maximum volume percent solids possible in the
two-liquid media used (POPG MW 2020, and USP min-
eral oil) was measured by a centrifuge technique, also
described in Ref. 4. Unfortunately the centrifuge avail-
able at NOTS was too slow for the purpose and the ¢
measurements are inconclusive. Until the experiment can
be repeated here at JPL, an approximate value is as-
sumed. This value (although admittedly a guess), based
on our considerable experience in making these measure-
ments, is quite reasonable, and is probably not wrong by
more than 2%.

b. Burning rate. Two model propellants, 64 wt % am-
monium perchlorate, 16 wt % aluminum powder and
20 wt % polyurethane binder (POPG 2020); and 71 wt %
ammonium perchlorate, 16 wt % aluminum and 13%
polyurethane were formulated to study the effects of
surfactant on the tensile properties and burning rate of
highly loaded systems. The mixing was done on a small
scale, using a 1000-g sigma blade mixer, cast under a
vacuum and cured. The isocyanate to hydroxyl ratio, the
percent cross linker, and the cure time were varied to
find the optimum formulation, both with and without
surfactant.

In all mixes 0.2-wt. % asolectin was the surfactant
used. Effectiveness curves run previously (QSR 38-11)
indicated that this was approximately the optimum sur-

k]
factant concentration for 80-wt 9% solids AP polyurethane
systems. On the other hand, preliminary effectiveness
curves on an 87-wt % loaded slurry containing 2% alu-
minum would indicate maximum fluidity at about 0.09
wt % . Nevertheless, the 87 wt ¢ batch which was used
to measure the burning rate contained 0.2 wt % sur-
factant. Of course, further study on a 16% aluminum
system may definitely indicate a need to reduce this fig-
ure. Again, as with the HMX and RDX mixes, the sur-
factant was added in an anhydrous ether solution and the
ether was removed by further mixing under a vacuum.

Tensile data was obtained from milled JANAF bars,
0.5 X 0.375 in. with an assumed gauge length of 2.7 in.
The bars were pulled on the Instron at 2.0 in./min and
80°F. Burning rates on the 87 wt % system were meas-
ured in a bomb over a pressure range from 250 to 2000
psi. The resulting curve was compared with extensive
burning rate data from JPL X-547 (Syncom) propellant,
a 64% AP and 16% Al polyurethene propellant. Although
experiments are under way, no burning rate data em-
ploying prilled oxidizer is yet available.

3. Results

a. Effectiveness curves of HMX and RDX. Figs. 4
through 6 are log-log plots of fluidity 1/4 versus the
weight percent surfactant (based on the filler). Unfortu-
nately time and facilities available to us at NOTS did not
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Fig. 4. Effectiveness curve 1/7 of asolectin
on HMX in mineral oil
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allow sufficient number of surfactant concentrations to
determine whether the fluidity peaked then declined
again as did the effectiveness curves on other materials
in previous reports. The above inconvenience plus the
hazard which necessitates the use of the parallel plate
viscometer rather than the glass plate technique also ex-
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plains the comparatively few points on the curves. Never-
theless, it is clearly shown that for all three systems, HMX
in mineral oil, and RDX in mineral oil and in POPG,
asolectin is an effective fluidity inductant. Furthermore,
the preliminary pip as reported in QSR 38-13 appears to
be present for these two fillers (also the dashed portion
of all three curves).

b. Fit of viscosity data to master curve. It was re-
ported in Refs. 4 and 5 and QSR 38-12 and 38-13 that
slurries of surfactant-coated particles studied always have
a lower relative viscosity than slurries of uncoated par-
ticles. Fig. 7 indicates that this is equally true for the

// o HMX-PPG —

6 5 ® HMX—PPG WITH 0.2 wt |
LECITHIN

A HMX—MINERAL OIL B

|

Ao HMX-MINERAL OIL WITH
2 /| 0.2 wt % LECITHIN
10°
0 02 0.4 0.6 08 0 .2 4

VOLUME FRACTION LOADING, ¢

Fig. 7. Relative viscosity versus volume fraction
loading for four systems
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organic crystal HMX (the filled symbols are the coated
mixes ). It can also be noted from Fig. 7 that of the two
systems studied, HMX in mineral oil and HMX in POPG,
each describes a unique curve. If the same data is plotted
as ¢/, versus relative viscosity (where ¢ is the volume
fraction of solids, and ¢,, is the maximum volume frac-
tion of solids possible in a given system), using the as-
sumed ¢,’s discussed in the introduction, one achieves
the plot shown in Fig. 8. The solid line is the master
curve and fits the equation

()

T T T T
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Fig. 8. Relative viscosity versus relative volume
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As can be seen, the fit of the new data is excellent. Fur-
thermore, it is estimated that the fit will remain good
when the corrected values of ¢,, are determined. This is
shown by the symbols on the plot. These large symbols
represent the horizontal range of deviation that an error
of up to 2% would yield. Fig. 9 shows all data thus far
obtained (including all from previous reports as well as
this report), fit to the master curve. (The outlying AP is
still attributed to the slight solubility of the finely ground
AP in the suspending media and to the variable and
rather uncontrollable amount of surface moisture on this

104
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same AP.) Further data at low volume fraction loading is
being obtained but is not yet ready for reporting.

c. Effect of asolectin on tensile properties of AP-Al-
polyurethane propellant. It was previously determined
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Fig. 10. o,, versus cure time and ¢,, versus cure time
for four binder systems
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(QSR 38-13) that asolectin reacts with the isocyanate in
a polyurethane system. For that reason it is necessary to
increase the isocyanate to hydroxyl ratio in order to effect
a cure. Naturally any change in the binder parameters
makes it necessary to optimize the cure time as compared
to the tensile properties. This is shown in Figs. 10 and 11.

It becomes obvious when studying Figs. 10 and 11 that
the addition of asolectin to the mix, using an NCO/OH
ratio of 1.12 and OH,,,,/OH of 0.130 (filled triangles ),
results in reduced tensile strength as well as reduced
modulus. This becomes especially pronounced with in-
crease in cure time, suggesting that the aging properties
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Fig. 11. Modulus E versus cure time for
four binder systems
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may be very poor. Furthermore, a reduction of the cross-
linker to 0.110 as displayed in the open triangles results
in additional decrease in tensile strength and modulus. In
this case, however, the elongation is substantially in-
creased at the optimum cure time.

Another method of plotting the data, making it pos-
sible to study the three factors—modulus, tensile strength,
and elongation—on the same plot, is illustrated in Fig. 12.
Here log o,,/E vs log ¢, is plotted. All the systems plotted
in Figs. 10 and 11 plus JPL Syncom propellant appear to
lie on a single straight line curve, in agreement with the
data of Fedors and Landel (QSR 38-14). This would seem
to indicate that a change in any one parameter, for ex-
ample ¢,,, either by change of binder ratios or by change
of volume percent loading, would change the other two
parameters E and o,, to some proportioned values located
on this curve.

0.4
A& NCO/OH 112
" OHyrig/OH 0110
02 0.2 wt% SURFACTANT
2 © NCO/OH 1.06
/ OHyiol /OH 0.130
ol N NO SURFACTANT
< A a NCO/OH 112
5 0.06 OHyyion /OH 0130
o 0.2 wt % ASOLECTIN
o
- 004 ® NCO/OH (.05 -
OHyriot/OH=0085 1% orncons
2% ALROSPERSE
0.02 O NCO/OH 1.09
OHyrig/OH 0.130
0.2 wt % ASOLECTIN
ool I L1

04 06 1O 20 40 60 10 20

LOG e,

ot 0.2
Fig. 12. log o,,/E versus log ¢ for five binder systems

The question now is, what parameter would be
changed if one were successful in changing the binder-
filler bond? Would the point representing some propellant
system shift horizontally parallel to the x axis, vertically
along the y axis, or merely slide up and down the straight
line curve?

Obviously, some means of separating the binder com-
ponent of the total rheological behaviour from the inter-
facial, or reinforcing component, is drastically needed at
this time. If one had a mathematical relation between E,
the modulus of the filled system, and E,, the modulus of
the binder, then for a given binder-filler system, one
would be in a position to see changes in interfacial forces.

10

Therefore, it seems expedient to devise experiments em-
ploying different types of filler and binder parameters so
that one might find some empirical E/E, relationship.
These experiments are in progress, and the results will
be reported in a later QSR.

In the meantime, an attempt to find a reactive wetting
agent continues. An hydroxylated lecithin with OH
groups substituted at double bond sites in the fatty acid
chain of the phospholipid molecule will be used in a pro-
pellant mix. These OH groups should be free to react
with the binder and achieve a tight interfacial bond.

d. Burning rate of highly loaded propellant. The first
steps have been taken in the evaluation of the strand
burning rate of high solids loaded propellant and propel-
lant containing small quantities of prilled oxidizer. The
burning rate for an 87% solid polyurethene (71% am-
monium perchlorate of a 30/70 bimodal blend of 12- and
101-x D; 16% aluminum of 5-p D) has been compared
with the burning rate of 80% solid propellant (64% bi-
modal blend and 16% aluminum, same sizes as above).
The strands used were standard Y4 X Y% X 5 in. speci-
mens, restricted and wired. Fig. 13 compares the results
over a pressure range of 50 to 2000 psi. Clearly, the
burning rate of the 87% solid far exceeds that of the
analogous 80% propellant. The results of highly (volume)
loaded propellant containing porous prills will be re-
ported later. However, it is postulated that the prills,
introducing a very greatly increased burning surface, will
result in even higher burning rates. The objectives of
present experimentation are to obtain prilled oxidizer that
has been cocrystallized with a modifier and to tailor
burning rates to an even greater extent.
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Fig. 13. Comparison of burning rate of 87% loaded
propellant with 80% loaded propellant
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C. Ultimate Properties of
Crosslinked Amorphous
Gum Elastomers

R. F. Fedors and R. F. Landel

It has been shown that the ultimate properties of a
noncrystalling gum rubber at constant crosslink density
measured as a function of the test temperature and the
strain rate can be characterized by a time and tempera-
ture independent failure envelope (Ref. 6). This envelope
is generated by plotting in log-log coordinates o;To/T
versus e where o, is the stress-at-break based on the
initial cross-sectional area, T,/T is a temperature reduc-
tion factor, and ¢, is the strain-at-break.

When the number of effective network chains v, or the
equilibrium modulus E., is varied for a particular rubber,
a series of failure envelopes, which are similar in shape,
can be generated. Based on preliminary data obtained
with a peroxide-cured styrene-butadiene rubber (SBR) it
appeared that the effect of varying v, could be taken into
account by normalizing oy to unit v, (Ref. 7). More re-
cently it was demonstrated that this normalization pro-
cedure enabled the high temperature portions of the
failure envelopes of some fourteen systems to be super-
posed (Ref. 8). The factor To/T was replaced by the
factor (T, + 100)/T, where T, is the glass transition tem-
perature, since ultimate property data obtained from
elastomers having different T, values were employed. It
should be emphasized that it does not appear possible by
means of this normalization scheme to superpose the en-
tire failure envelope corresponding to each value of v. or
E,. Rather, only the high temperature portions of the
envelopes superpose to describe a “universal” curve
which is termed the common response curve. The re-
mainder of each envelope diverges from the common
response, and this effect gives rise to the occurrence of
branches originating from the common response curve.
The existence of these branches is believed to be asso-
ciated with finite extensibility of the network chains.

Smith (Ref. 9) has recently proposed an alternative
method of normalizing ultimate property data. Briefly,
Smith proposed a log-log plot of A,eTo/T versus
ev E.To/T, where A, is the extension ratio at break, and
E, is an equilibrium modulus defined by the relation
oA = E,e. If no change in volume occurs on extension,
the factor Ao, represents the true stress based on the
actual cross-sectional area at break. This reduction
scheme was reported to have superposed the failure en-

JPL QUARTERLY SUMMARY REPORT NO. 38-14

velope for a series of viton gum rubbers when E. was
varied by a factor of about ten (Ref. 9).

The importance of the existence of the failure envelope
and its dependence on v, or E, resides in the fact that it
becomes possible to represent very simply the rupture
behavior of a rubber under a vast variety of test condi-
tions. Moreover, to the extent that the reduced failure
envelope is independent of the chemical nature of the
rubber, it becomes possible to describe the general fea-
tures of rupture of a rubber network.

Hence it is of considerable interest to compare the rival
schemes which have been proposed for the reduction of
ultimate property data. Recently, limited but independent
data have become available which will be used here to
test the ability of the alternative methods to represent the
experimental data.

Recently Dudek® measured the ultimate properties of
gum SBR and ethylene propylene rubber (EPR) of dif-
ferent v, values at several rates and temperatures. For the
SBR rubber, v,, as determined by swelling in benzene,
taking u = 0.34, varied from 6.8 to 148 pmole/cm?, while
for EPR, v, calculated from data obtained with stress-
strain experiments on swollen specimens, varied from 0.435
to 87 umole/cc. The ultimate properties were measured on
ring specimens at 25 and at 78°C, using strain rates of
0.060 and 1.25 min™! at each temperature. Although these
results are insufficient to define the entire failure enve-
lope for each v, value, it is possible to describe portions
of each envelope. It is evident that if the entire envelope
will superpose when a particular normalization scheme is
employed, then portions of the envelope will of necessity
also superpose. Hence, while more complete data would
be very desirable, the present data are believed sufficient
for the present purposes.

In Fig. 14 the ultimate property data obtained with
SBR rubber are plotted according to the reduction
scheme of Smith (Ref. 9) with the exception that the
abscissa contains the term v, rather than E,. For the data
of Dudek, at least, this substitution introduces no appre-
ciable error since each envelope is shifted by approxi-
mately a constant factor and hence the relative position
of each envelope is essentially unchanged. The curves in
Fig. 14 represent portions of the failure envelope for each
of the indicated v, values. According to Smith, this co-
ordinate system should superpose the envelopes. It may
be observed that there is no superposition and further-

1Dudek, T., private communication.
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Fig. 14. Ultimate properties of SBR gum vulcanizates
measured at the indicated strain rates and
temperatures for five crosslink densities

more, the envelopes are displaced so that they intersect
an arbitrarily chosen value of the ordinate, at values of
the abscissa which increase with increasing v,. In Fig. 15
the data are replotted according to the alternative reduc-
tion scheme in which o, is normalized to unit v,. Com-
parison of Figs. 14 and 15 indicates that the latter
reduction scheme provides a better description of the
experimental data.

A similar comparison is made in Figs. 16 and 17 for
the EPR data. In the Smith plot (Fig. 16), the divergence
between the envelopes obtained at constant v, is even
more serious than that observed with SBR (Fig. 15). The
interval on the abscissa between the envelopes represent-
ing the lowest and the highest value of v, is about three
decades. It is also evident that, as was observed for SBR,
the envelopes for EPR intersect an arbitrarily chosen
value of the ordinate at values of log 100 e;v. To/T which
increase with v.. Fig. 17 shows the EPR data when o, is
normalized to unit v.. It is evident that the correlation

*Since o, is usually given in psi and v, in moles/cm®, the mixed
dimensions are retained here for the convenience of the reader.
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Fig. 15. Data of Fig. 14 plotted according to the

reduction scheme of Landel and Fedors (Ref. 8).

here is not as good as that obtained with the SBR data.
In Fig. 18, the ultimate property data obtained with both
SBR and EPR are compared with o, normalized to unit
ve. The dashed line in the figure represents the reduced
failure envelope taken from Ref. 8. Also shown in the
figure are several data points obtained with poly (vinyl-
ethyl ether) gum vulcanizates (Ref. 10). T, for this latter
rubber was assumed to be —65°C.

Novikov, et al. (Refs. 11, 12) have recently studied the
effect of peroxide and amine curing agents on the ulti-
mate properties of a viton elastomer. Although they were
primarily concerned with the effects of compounding
and vulcanization variables on the physical properties of
the resultant vulcanizates, sufficient data to construct a
reduced failure envelope were reported. Values of v,
were estimated from equilibrium swelling in acetone
using a p value determined from osmotic pressure meas-
urements.

In Fig. 19, the data obtained (Refs. 11 and 12) with viton
are shown according to the Smith reduction scheme. In
Fig. 20, ¢, is normalized to unit v,, and the dashed line
indicates the position of the failure envelope obtained by
Smith for a viton elastomer with v, = 114 pmoles/cc of
rubber (Ref. 13). However, an arbitrary shift along the

§
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ordinate of 0.8 log units was required to obtain the super-
position of the two sets of data shown in the figure. A
possible explanation for the necessity of shifting can be
related to the apparently high values of the molecular
weight between cross links M., reported by Novikov,
which implies that the value of n for the system viton-
acetone, used by these workers, is excessively high. For
an M. of 410,000 gm mole™', the reported sol fraction is
only 8.6%. These are not compatible numbers for reason-
able values of the molecular weight of the primary
molecules. As a first approximation of the magnitudes
involved, at constant sol fraction, v. calculated from
Novikov’s data is a factor 4 smaller than v, reported by
Smith (Ref. 13).

IIL'Z’;., .

If the reduction scheme of Smith were completely
general, then A0, To/T would be a function of the product
ey E,To/T. No other parameters would be necessary to
describe the master failure envelope. Hence,

Apoy TO/T = g(EbEe To/T) (1)

The important point to notice is that neither ¢, nor E,
can occur alone in g. This requirement can readily be
demonstrated as follows: for an arbitrarily chosen value
of Moy To/T = ¢, consider the envelopes obtained from
two rubbers having moduli of E., and E, where
E¢i = aE,;, a = constant. Corresponding to the value of
¢, there will be two values of ¢, e, and &, where

13
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of the envelopes requires that o = 1, which implies that

ey, = T const /T, E, (3)
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i.e., at constant A0, To/T, & is inversely proportional to
E, at constant T. For viton rubber, Smith reported that
at a value of Ay, = 1.6 X 10* psi, ¢ reached a maximum

S ——
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which was inversely proportional to E,. However, Eq.
(3) requires proportionality for all values of A, not
only at the maximum in ;.

It has been pointed out that when the test rate is suf-
ticiently slow or the test temperature sufficiently high,
the failure envelope coincides with the stress-strain curve
(Refs. 8, 14). Therefore under these experimental condi-
tions, Eq. (1) must reduce to the stress-strain curve for
the rubber. However, theoretical and empirical func-
tions, for example, the kinetic theory expression and the
MRS equation (Ref. 15), which are used to describe the
form of the stress-strain relationships, can be written as

AoTo/T = E, fi(e) To/T (4)

Egs. (1) and (2) will reduce to the same form when Ao is
a linear function of E.e (modified Hook’s law). Experi-
mental results from peroxide-cured SBR indicate that the
stress-strain curve coincides with the failure envelope for

&, values even where a linear relationship ceases to be a
good approximation.

On the other hand, assume that the failure envelope
can be described by an equation of the form

AbiTo/T = g Ee f (Eb) TO/T (5)

which is equivalent to Eq. (4). For any arbitrarily se-
lected value of Ay, To/T consider two envelopes charac-
terized by e, E.; and e, E... Then Eq. (5) can be
written as

log €p1 Eel To/T - log Ep2 Eez To/T
= log f (e52) — log f (en) (6)

Superposition of the two envelopes requires that
f (es2) = f (es1). Hence envelopes which can be repre-
sented by Eq. (5) will superpose according to the
Smith reduction scheme only when f is independent of
ey, i.e.,, only when Ay, To/T is a linear function of
E.e,To/T. On the other hand, if it is assumed that f is
a function of ¢, then the failure envelopes will not super-
pose, and hence it may be supposed that ¢ E.. > ¢, E,y
or ey, Ecy = a ey, E.y, where @ > 1. For a constant value
of the ordinate

e51 Eer To/Tf(e01) = a €41 Ees f (ev2) To/T (7)

15
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or

f(ebl) > f(EbZ) (8)

Eq. (8) implies that ey > e if f is a monotonically
increasing function. Under these conditions when
ep1 Ees > ey1 E.; then E.. > E,,, or the individual enve-
lopes are displaced to the right (to higher values ofe, E.)
as E, increases. It has been pointed out above that the
envelopes for both SBR and EPR obtained at varying v,
behave in this manner (Figs. 14 and 16).

As another illustration of this behavior, in Fig. 20 the
MRS equation is plotted according to the reduction
scheme of Smith for four values of E.. In the MRS equa-
tion, f(e) is given by

f(e) = Mexp AL — 1/)) 9)

where A is a constant for which the value 0.40 has been
assumed for the curves shown in Fig. 21. For this f(e),
the inequality shown in Eq. (8) implies e, > eps. Also
shown as the dashed curves are some experimental failure
envelopes taken from a recent publication of Smith (Ref.
14). The similarity in shape and position of the experi-
mental envelopes to those derived on the basis of an f(e)
given by Eq. (9) is indeed striking. And for these enve-
lopes at least, Eq. (4) provides as good a representation
of the experimental data as does Eq. (1).

The preferred reduction scheme where o, is normal-
ized to unit v, is not as satisfying as it might be, since the
low temperature portions of individual failure envelope
branches representing varying v, do not superpose. The
reasons for the existence of the branches which originate
on the common response curve is not well understood;
they appear to be related to finite extensibility of the
network chain. It is apparent that a function of v, is
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Fig. 21. Comparison of the MRS equation, A =

0.40, (solid lines) with experimental failure envelopes reported

by Smith (Ref. 15), plotted according to the reduction scheme of Smith (Ref. 9)
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needed in order to superpose the branches. However, it
has been demonstrated that the function defined by Eq.
(1) is apparently too strongly dependent on v, and the
function defined by Eq. (5) too weakly dependent on v,
to effect this superposition. At the present time, however,
normalization of &, to unit v, has the ability to correlate
more ultimate property data for more diverse systems
than has heretofore been possible.

D. Continuous Media Theory
Applied to Viscoelastic
Strain Analyses, V

A. San Miguel

The objectives of this study (see previous QSR’s) have
been to reinterpret concepts found in the general litera-
ture in terms of solid propellant mechanical property
technology. This study has led to the development of the
multiaxial inflated cylinder test as well as to the emphasis
of continuous media theory in lieu of the dashpot theory
of linear viscoelasticity. The immediate interest has been
in characterizing a so-called strain energy function in a
manner unorthodox to the “classical” concept.

One problem associated with the inflated cylinder test,
as well as with the so-called strain energy function, is
that other multiaxial tests must be performed before the
validity of this approach can be established. A relatively
simple multiaxial experiment is that of a tension-tension
biaxial sheet test. In this report a description of one such
biaxial tester is given, as well as the techniques necessary
to reduce the measured stress states. Finally, the strain
energy mode and magnitude is computed and compared
with the strain energy mode and magnitude obtained
from the inflated cylinder test.

1. The Biaxial Tensile Test

One reason to develop multiaxial experiments is that
the multidimensional theory of continuous media requires
a measurement of at least two simultaneous stresses in
conjunction with the three principal strains, in a point
region. This condition may be satisfied by conducting

JPL QUARTERLY SUMMARY REPORT NO. 38-14

homogeneous experiments, i.e., where the stress-strain
state of a test structure is the same at all points in the
structure and curved or straight lines deform into curved
or straight lines. The inflated cylinder test is an example
where homogeneous stresses and strains are found at any
particular radial distance. However, the advantage of the
inflated cylinder test is that many homogeneous stress-
strain states can be examined simultaneously at every
internal pressure level. On the other hand, a presumably
simpler multiaxial test would be that of a tension-tension
state in a sheet or plate of material.

A biaxial tensile test consists of applying two principal
tension stresses to a sheet or plate of material. The
homogeneous strains are then measured in some fashion
together with the thickness changes. This multiaxial test
has been used by prominent investigators such as Treloar
(Ref. 16) in establishing photoelastic stress-optic phenom-
ena and Rivlin (Ref. 17) in his experimental studies of
the strain energy function of a rubber. Blatz and Ko
(Ref. 18) have also done some experimental studies with
polyurethane rubber and foam with the objective of
eventually studying solid propellant,

A Dbiaxial tensile test at first appears to be simple to
construct and implement properly. To the contrary, this
test is as difficult to construct properly as any of the
multiaxial tests. There are no exact methods to measure
the absolute magnitudes of the biaxial principal stresses
in the center of the sheet. A technique to measure
approximate principal stresses in the center of a sheet is
presented here which is analogous to the effective length
approach used to calculate strains in uniaxial testing,

2. The Measurement of Stresses

Stress is defined as a force per unit area. Strictly speak-
ing, a vector T giving the force per unit area over some
surface S, bounding the volume V, has components of the
form

Ti = Tij Vj (1)

In this equation 7;; are the components of a tensor and
are functions of position and time and v/ are the compo-
nents of a unit vector v, normal to the surface under
consideration. By restricting ourselves to an experiment
where only principal stresses and strains are imposed, the
only nonzero stress tensor components are 7,5, 72, and 7.
The basic problem associated with the biaxial sheet test

17




ORI

JPL QUARTERLY SUMMARY REPORT NO. 38-i14

is to measure 7y, and 7. (r3; = 0) knowing only the
boundary loads and the principal strains at the center of
the sheet.

The boundary loads on a sheet of material can be
measured by any of a number of methods. Rivlin used
calibrated springs; Blatz and Ko used rigid boundary
load-transferring members in conjunction with a uniaxial
tensile machine to measure equal biaxial stresses. Treloar
used a string-pulley-weight system. These methods are
all experimentally interrelated and are suitable for pre-
liminary studies. Ideally, the experimentalist would want
a boundary loading system which was rigid, applied uni-
form loading to the sheet boundary, compensated cross-
strain-caused stretches, imposed nonequal biaxial stresses,
and was capable of instantaneous load readout for creep
and relaxation testing.

The problem in the sheet tensile test is knowing what
area the transmitted load is acting upon. Previous inves-
tigators have arbitrarily assigned areas in their calcula-
tions of stress. This would conceivably be proper for
ordinary engineering, but not if rigorous theory is to be
verified by such experimentation. Rubber sheet experi-
mentation, where strains of the order of 50 to 300% are
experienced (Fig. 22), cannot have areas arbitrarily as-
signed for stress computations. This can easily be verified
upon inspection of such a test under polarized light. This
is not to say that a homogeneous biaxial stress state does
not exist in the center region of the sheet. For this state
does, indeed, exist. However, the load distribution pat-
tern away from the center region changes because the
sheet no longer has the boundaries of a rectangle. This
undesirable boundary effect changes the absolute mag-
nitudes of the principal stresses in the center region as
compared to those magnitudes experienced for small
strains where rectangular boundary distortions can rea-
sonably be experienced. This problem would become
quite evident if this biaxial test were performed on a
viscoelastic material such as solid propellant. Hence,
some attempt must be made to approximate the stressed
area in a rational fashion.

No matter how a sheet is clamped, local stress distribu-
tions will exist away from the homogeneously stressed
center region. Monch (Ref. 19) has shown, using a stress
freezing technique, that for even infinitesimal strain, the
experimentalists cannot avoid these stress concentrations;
they can only minimize them. Preliminary experimental
investigations at this laboratory with low-modulus photo-
elastic coatings confirm the observations of Monch. This
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experimental difficulty is also found in uniaxial tensile
testing.

Fig. 22a illustrates the geometry of the tension sheet
under consideration. It is readily recognized that the
initially square sheet will, in general, deform (or map)
into a rectangle (Fig. 22b), depending on which of the
applied loads is greater. However, as the loading in-
creases, the over-all geometry actually deviates from a
rectangle (Fig. 22¢). At the center of the sheet, no devia-
tions from orthogonality can be measured. Hence, the

(a)

(b)

IDEALLY DEFORMED SQUARE SHEET (RECTANGLE}

TYPICAL GEOMETRIC DEFORMATION FOR LARGE STRAINS

Fig. 22. Ideal versus actual sheet deformations
for large strains
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stress-strain relationship at the center of the sheet can be
defined for a linear elastic material as

_ Ti11 _ HKT22
P S E E
T T
- @
€33 &= — _Z:‘“ (7'11 + Tzz)

If the elastic material is also incompressible, then
(1+ 611) (l + 822) (1 + 833) = 1 (3)

The loads P, and P, are directional and are distributed
across L; and L, (Fig. 22b) in some unknown fashion, i.e.,
the load at the center may be larger than the average
load across L,. A problem arises in that L, and L, are
unknown. To say that the edges do not carry load would
not be precise. Thus, the problem is to estimate the func-
tions L; and L,. The most obvious, although not precise,
relationship would be to postulate that the significant
relationship is

L, = fl (822) and L, = f2 (511) (4)

It should be noted that each effective length is a function
of both “point region” principal strains as well as the
structure geometry.

For expedience, pseudostresses are defined as

P P
01=—l-and gy — 2

tL1 tLZ

©)

where

t= to (1 + 633)

Now, if experimentally one could measure e, €22, p
and E, then 7, and 7, could be computed from Eq. (2)
for a linear elastic material. Then assume that the pseudo-
stresses of the entire sheet be equal to the stresses at the
center,

Tez = O2 (6)

Tii = 0y
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If one can then measure ¢35, then L, and L, can be com-
puted from Eq. (5). If the material is incompressible, then
Eq. (3) can be used to verify the experimentally obtained
¢35 A plot of L, versus ¢, and L, versus &, (experimen-
tally obtained) would then serve to characterize the rela-
tionship between boundary loading and center-of-sheet
stress for the particular geometry, loading ratios P,/P,,
and the particular biaxial tester including the technique
of clamping. Thus, it appears that an experimentally
determined effective length can be used to approximate
the stress conditions at the center of a sheet. Once deter-
mined, this effective length could be used with any
material (such as propellant) since the stress state is only
a function, not of the material, but of the boundary con-
ditions which are peculiar both to the specimen geometry
and also to the testing machine. The linear elastic ma-
terial used to calibrate the biaxial tensile tester should
have a modulus of the same order of magnitude as that
of the unknown material to be tested.

3. The Measurement of Strains

Previous experimental work with uniaxial tensile bars
has shown that the recording of relative dot replacements
with a 70-mm camera is satisfactory for strains greater
than 2%. Photoelastic coatings could be used for the non-
equal biaxial strain state at a sacrifice to reinforcement
effects. Moire fringes could also be used for strains less
than 5%. These methods will be evaluated and compared
at a future date. Since the primary interest in this study
program is solid propellant, strains greater than 50% will
not be considered. Primary interest is in strain values up

to 20%.

The change in thickness can be measured approxi-
mately by means of two linear resistance gages. In this
manner thickness change versus resistance change can be
recorded.

4. The Strain Energy Function

The concept of strain energy used in this study is more
general than the time-independent potential function
that has usually been exploited in the literature. Follow-
ing Noll (Ref. 20), the idea of memory (i.e., a strain
energy function being a function of time as well as
geometry) is being considered for solid propellant. The
generality of such a functional affords a great number of
possibilities to the experimenter for characterization of
data. A method was proposed to characterize an approxi-
mate strain energy function in QSR 38-11. This method
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70-mm CAMERA (F)

C CLAMP TO MEASURE
THICKNESS (E)

XL/OAD CELL (C)
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STRETCH k.
HANDLE {B) -

- <e—TRIPOD (G)

STRETCH
HANDLE (D)

Fig. 23. First construction phase of the tension-tension biaxial tester

was examined, using stresses and strains obtained from
the inflated cylinder test (QSR 38-10). It is suggested
that the results obtained by this method should be com-
parable to any other multiaxial test if the method is
indeed valid.

5. Apparatus

The first construction phase of the tension-tension bi-
axial stress tester is shown in Fig. 23. The apparatus
consists basically of two load cells (A and C), two man-
ual stretch handles (B and D), a C-clamp with resistance
gages to estimate thickness changes (E), and a 70-mm
camera (F) mounted on a sturdy tripod (G). Fig. 24
illustrates the functioning of the apparatus. As shown
here, a 200-1b load cell has been inserted in the center so
as to calibrate the individual load cells. This calibration
was deemed necessary to show that a negligible amount
of friction existed throughout the apparatus.
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An extension in the l-direction, independent of the
2-direction, is obtained by rotating the stretch handle C.
This is accomplished by a screw action on both plates H
and J. Simultaneously, the two flexible cables K and L
activate screws M and N relative to plates O and P. Thus,
a rotation of stretch handle C activates plates H and ]
equally and guides Q and R. Analogously, a rotation of
stretch handle D activates plates O and P equally and
guides S and T. Dial indicators U and V record relative
displacement of plates H, J, O, and R relative to the
base table W.

The mechanism of the guides can best be described by
the illustration in Fig. 25. Upon rotation of the flexible
cable K, the two guide screws X and X! are activated by
the pinion gears Y and Y'. Guides Q (upper and lower)
consequently move with respect to the bar Z. This bar Z
is attached on one side to the load cell by means of a
universal joint and on the other side to the biaxial sheet.
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- STRETCH HANDLE (C)

Fig. 24. Functional aspects of the biaxial tester

Seven pins transmit the load between the bar Z and the
biaxial sheet. The pins are free to move along the bar Z.
Hence, by sliding the identical upper and lower guide
plates with respect to the bar Z, the pins must assume
a unique position with respect to each other. Thus, the
only action associated with a cross extension is the re-
positioning of the pins in bar Z.

The apparatus is essentially geometry-controlled, al-
though it could be load-controlled by means of a suitable
servomechanism. The angles of the slots in the guide
plates are governed by the geometry of the biaxial test
specimen. The arbitrarily selected geometry is shown in
Fig. 26 for a sheet of propellant. This propellant sheet is
6 X 6 in. in the plan view and is 0.110 in. thick. A tensile
specimen is also shown in the figure. This tensile speci-
men was used to obtain uniaxial data. Two fractured
resin biaxial specimens (resin 283C and resin motor
sheets) are shown in Fig. 27. The larger specimen (resin

CONFIDENTIAL 7

283C) was fractured by equal biaxial strains (e,/e, =~ 1),
the smaller specimen (resin motor) was fractured by
unequal biaxial strains (e,/e, = 2). Specimen size was
selected as a compromise between two undesirable ef-
fects. The sheet had to be small enough so that inertial
effects would not contribute to a sag in the center. At
the same time, it had to be large enough so that a uni-
form biaxial stress state could be imposed upon it. It was
felt that the 6 X 6 in. geometry was a fair compromise
for polyurethane propellant.

The clamping technique found to be most satisfactory
is not shown in the figures but is a modification of the
clamps shown. A satisfactory clamp consists of a U-shaped
geometry with a fastened bolt and nut. The mating pro-
pellant or resin sample consists of a hole reinforced by
two bonded flat washers. The sacrifice to local stress
concentrations (readily observed in a photoelastic speci-
men) is more than repaid for by tear insurance at the
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CABLE (K)

GUIDE SCREW (X) :
PINION GEAR (Y‘)7'

Fig. 25. Plan view of guide mechanism

attachment. The tear of the specimens (e,/¢, = 1 for the
larger sheet, &,/e; =~ 2 for the smaller sheet) in Fig. 27
was initiated at the radius, not the attachment.

The second phase of improvement to this instrument
will consist of additions of two variable speed motors to
drive the manual stretch handles, development of a more
accurate thickness measuring transducer, and an imple-
mentation of a data-recording system to make simulta-
neous readings with reference to the same time scale.
With these improvements it will be possible, with a
minimum of scatter, to get data for biaxial strain ratios
(e./e,) under transient loading, creep, and relaxation.
Photoelastic studies are also contemplated upon installa-
tion of a light bank beneath the specimen.

d : g : 2 S
INCHES 6. Discussion
A rational procedure to evaluate the biaxial tester is
Fig. 26. Solid propellant biaxial sheet and to examine a sheet of a rubberlike material (Solithane
tension strip 113) experimentally. A rubberlike material was chosen

22 OO EN AL,




TTCONFIBENTIAL ™

JPL QUARTERLY SUMMARY REPORT NO. 38-i4

Fig. 27. Fractured resin 283C resin sheet (¢,/¢, = 1) and fractured resin motor sheet (¢,/c, =~ 2)

because it is relatively linear, homogeneous, isotropic,
and elastic. Inference can then be made about the pro-
pellant stress-strain response with reference to this analo-
gous simple material.

Fig. 28 records the biaxial strain states of resin 283C,
which is an unfilled polyurethane sheet (the largest sheet
in Fig. 27). Each point on the graph is uniquely deter-
mined by one of an infinite number of geometries (strain
states) that can be imposed by the biaxial instrument.
The point to be made is that it is difficult to hold the
strain ratio (e;/e,) constant with the existing manual
stretch handles. This polyurethane sheet can reasonably
be considered incompressible. Hence, the data of Fig. 28
can be used in conjunction with the incompressibility
equation [Eq. (3)] to obtain the corresponding thickness
strains e;, as shown in Fig. 29. Strain measurement errors
associated with ¢, and &, are not observed to be severe
by this unusual error analysis. Because of the difficulty
in maintaining the strain ratio e,/e, constant, only one
run was performed (e;/e, = 1).

A second polyurethane resin was examined for two
ratios, ¢,/¢, = 1 and 2. This resin was cast from the same
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Fig. 28. Deviation between desired straining ratio
(¢./e- = 1) and actual (resin 283C)

batch as the tensile bar and thick-walled cylinder re-
ported in QSR 38-12. The smaller geometry (Fig. 27)
resulted from the idea that the biaxial specimen should
have tabs. Preliminary experiments revealed that tabs
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Fig. 29. Thickness strain assuming incompressibility
(resin 283C)

were undesirable for the low strain-fracture materials
being studied in this program. Hence, trimming the tabs
reduced the magnitude of the geometry. Figs. 30 and 31
are analogous to Figs. 28 and 29 in all respects. Figs. 32
and 33 are also analogous to Figs. 28 and 29 except
that ¢,/¢, =~ 2.

Two dummy polyurethane propellant (Fig. 26) sheets
were next subjected to straining at ratios of e,/e; =~ 1
and 2, respectively. Figs. 34, 35, 36, and 37 are inter-
preted in the same manner as Figs. 30, 31, 32, and 33 for
the unfilled polyurethane sheet. This analogy can be
inferred because no mention of stresses or physical prop-
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Fig. 30. Deviation between desired straining ratio
{e,/¢, =~ 1) and actual (resin motor)
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erties has yet entered this discussion. The critical obser-
vation here is that the slope of the measured e, versus e;
for the propellant is approximately that computed, as-
suming incompressibility, from the experimental unfilled
polyurethane biaxial strains. This is shown by comparison
of Fig. 35 to Figs. 29 or 31, and Fig. 37 to Fig. 33. These
data were obtained for both the loading and unloading
parts of the loading cycle. Experimental difficulties in
measuring all the parameters in a short period of time
were experienced because of the dewetting phenomenon.
Hence, some out-of-phase recording of various parame-
ters was inevitable. This situation will be eliminated in
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the future. The experimentally obtained thickness change,
measured with a simple resistance transducer, should be
improved (Figs. 35 and 37). On the other hand, a line
drawn through the data gives an approximate “measured”
strain value for theoretical computations. However, in
the theoretical computations to follow, the actual scatter
data was used in order to observe the maximum possible
deviations in the strain energy magnitudes.

The values of Poisson’s ratio x and Young’s modulus E
were measured for the unfilled polyurethane resins by
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means of a uniaxial tensile test. With these values and
the biaxial strains £; and &,, the biaxial stresses at the
center of the rubber sheet were computed using Eq. (2).
This information, together with the load cell measure-
ments, at the boundaries of the sheet, enables the com-
putations of effective lengths, L, and L,, defined from the
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pseudostresses of Eq. (5), using the reasonable assump-
tion of Eq. (6). Fig. 38 is the experimentally observed
relationship between biaxial strain at the center of the
sheet and effective length of the entire sheet. If the
deformed geometry of the rubber sheet (e.g., 10% strain)
approximates the deformed geometry of the propellant
sheet (e.g., 10%) then the relationships shown in Fig. 38
should be applicable to the propellant sheet because of
equilibrium considerations, e.g., this is analogous to the
concept of the Airy stress function, which is independent
of the material properties.

The data scatter in Fig. 38 is due in part to the follow-
ing reasons: (1) the strain ratios £;/¢, could not be main-
tained constant for any continuous experimental run;
(2) the resin “motor” sheet (Fig. 27) dimensions were less
than those for which the biaxial tester was designed;
(3) the data input was obtained using a number of differ-
ent instruments to make measurements (a multichannel
recorder which has a time reference base should be used
instead of having three operators manipulating handles
and reading dials) and (4) ordinary experimental error.
Hence, the scatter precludes accurate empirical curve
titting. On the other hand, this first phase of checkout
of the biaxial tester was not expected to produce accu-
rate data. It was intended to be a rough check to
establish where improvements were really needed. For
example, it appears that a family of curves can be
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generated for different constant strain ratios ~(e,/es
= 1,2 ... n). This family of curves may diverge from
the reference curve ¢/¢;, = 1. In any event, the scatter
is not intolerable for resin 283C, which had the proper
geometric dimensions for which the instrument was de-
signed. These dimensions are the same as those for the
dummy propellant sheet (Fig. 26). Hence, these curves
can be used as an approximation to the effective lengths
of the dummy propellant sheets.

Using the values of effective length obtained from
Fig. 38 for any given propellant strains, the true stresses
in the center of the propellant can be computed from
Eq. (5). These multiaxial stresses and strains are graphed
in Figs. 39a and b, and 40a and b for ¢,/e, =~ 1 and
e1/22 = 2, respectively. A linear relationship is observed
in all the four graphs. The data scatter is not severe,
considering all the inputs discussed above. One might
speculate that significant creep was initiating at 8%
strain for the e;/e. = 1 condition (Figs. 39a and b). In
any event, once the test is perfected, creep and relaxa-
tion responses should be readily detected to gain further
insight into the applicability of the proposed theory to
propellant stress-strain response.

Recall that the effective lengths for the unfilled poly-
urethane resins were computed assuming that the stresses
at the center of the sheet could be set equal to homoge-
neous pseudostresses for the entire sheet. The stresses at
the center of the sheet, =, and +,, were computed from the
classical theory of elasticity given the measured biaxial
strains and material constants, obtained from a tensile
test. Now, if the polyurethane resin is indeed classically
elastic, a straight line relationship between experimen-
tally obtained strain and experimentally obtained stresses
(using experimentally obtained effective lengths) should
be observed. Figs. 41a and b, 42a and b, and 43a and b
demonstrate that this linear relationship does indeed
exist for resin 283C and the resin motor where &,/¢, ~ 1,
and for the resin motor where ¢,/s. =~ 2, respectively.
Note that each experimentally obtained point was ob-
tained in an independent manner. For these points to fall
in a straight line implies that the material is linear, ho-
mogeneous, isotropic, and elastic. The slope of ¢, versus
7, is the same as the slope of ¢, versus =, for the condition
of &,/e: =~ 2 as would now be expected.

The experimental scatter is considerably better for the
resin than that for the propellant. It is suspected in light
of this evidence that perhaps creep and relaxation are
being experienced by the propellant, and hence the time
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base of the data obtained in a crude manner for the pro-
pellant was out of phase. This would cause greater scat-
ter in the propellant data than would be contributed by
the instrumentation. A comparison of the slope of e,
versus 7, for the propellant (Figs. 39a and b) with resin
283C (Figs. 41a and b) and with the resin motor (Figs.
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42a and b) indicates that the modulus of the propellant
should be slightly higher than the resin motor and sig-
nificantly higher than resin 283C. The same observation
holds by inspection for Figs. 40a and b and Figs. 43a
and b.

il Sy i




T

)

0.18 -
(a) ONE DIRECTION
0.14 e )
UNFILLED POLYURETHANE RESIN MOTOR
€ j€2 ™ 2 /
0.2 0

008
vl

TENSION STRAIN ¢, , in./in.

0.06— /
004 /D/
v
002 ,0/1
0
0O 10 20 30 40 50 60 70 80 90 100 10 120
TRUE STRESS T, psi
. 0.0 T T T
(=3
5 (b) TWO DIRECTION
£ o008
& -
Y o006
z - i)
3 o |09
= 004
(72
2 ooz =
F oo
0 10 20 30 40 50 60 70 80 90 (00 110 120

TRUE STRESS T,, psi

Fig. 43. Strain vs stress, ¢,/¢, = 2, resin motor,
(a) longitudinal, (b) transverse

Tensile data for the unfilled resins, 283C and the
resin motor, together with the dummy polyurethane pro-
pellant are shown in Figs. 44a and b. This tensile data
confirms the above observations regarding moduli. De-
wetting of the dummy propellant is evident for strains
greater than 5%. The propellant is nonlinear for greater
strains. An interesting observation is that the stress-strain
data of the propellant are irregular compared to the
resin data (both were obtained in an identical manner).
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This same observation was made in the biaxial data
(Figs. 40a, b, and 4la, b). Another interesting observa-
tion is that the propellant biaxial stresses reached a
higher magnitude (100 psi) than the uniaxial test indi-
cated was possible (90 psi). These high stress values
were obtained at a substantially smaller strain state
(+8%, +8% versus +45%, —14%). This same obser-
vation, that the stress state is larger for a smaller strain
state, agrees with the unfilled polyurethane data. How-
ever, it is not obvious why the stress state at the center
of the biaxial sheet can be greater than the maximum
stress obtained from a tensile test.

Although the tension-tension biaxial stress-strain data
have a great deal of scatter (this will be improved upon
in the near future), it would be interesting to see and to
compare values of strain energy and strain energy partial
derivatives versus strain invariants obtained from the
sheet test, with those obtained previously (QSR 38-12)
for the inflated cylinder test (QSR 38-10). The inflated
cylinder data found in QSR 38-10, Figs. 16, 17, are for an
ammonium perchlorate polyurethane propellant, whereas
the data found in QSR 38-12, Table 8, p. 33, are for the
resin motor (unfilled Solithane 113). Thus, if similar
results can be obtained from this tension-tension biaxial
experiment, then the inflated clyinder test in conjunction
with the proposed theory will be shown to be a powerful
tool in the study of solid propellant mechanical properties.

Rivlin (Ref. 13) took great pains to measure for an in-
compressible rubber sheet the first strain invariant I,
holding the second strain invariant I,, constant. He
then repeated his experiments (the third strain invariant
I;, was approximately one) measuring I, holding I,
constant. His measurements were for strain levels greater
than 50% and as high as several hundred percent. Rivlin
inferred from his results that oW/oI, and ¢W/0ol, were
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Fig. 44. Uniaxial stress vs strain
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.

effectively independent of I, and that W /I, was effec-  Here C, is constant, and f is a function of I,. This pos-
tively independent of I,. However, 9W/2I, was not neces-  sible functional form of W was chosen by assuming that
sarily independent of I,. These observations led to a  the leading terms of a power series were sufficiently de-
possible form of the strain energy function for rubber as  scriptive for rubbers.

being
It is recognized that the preceding work may be ap-
W = C,(I, —3) + f(I. — 3) (7)  plicable for rubbers but not propellants. On the other
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hand, the more general theory and experimentation nec-
essary for solid propellant studies must at least degener-
ate into solutions for rubber materials if they are indeed
to have any validity. It should be recognized that this
study program is directed toward nonlinear viscoelastic
phenomena. Hence, any interest in a strain energy func-
tion must include memory effects (QSR 38-13). This mem-
ory strain energy function must degenerate into the
classical strain energy function of Rivlin, et al., for such
materials as rubbers, or for that environment where solid
propellant is essentially an elastic material in the clas-
sical sense.
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Using the theory presented in QSR 38-10, the relation-
ships between all the pertinent partial derivatives and
strain invariants are shown in Fig. 45 for resin 283C.
Aside from the undesirable scatter, the modes are quite
indeterminate.

Definite modes are experienced for the partial deriva-
tives and strain invariants of the resin motor sheet
(e./¢; = 1) as illustrated in Fig. 46. For some reason
( perhaps insufficient experience in running the experi-
ment) the experimental data did not scatter as it did for
resin 283C. Fig. 47 presents another set of data for the
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same resin motor sheet (¢,/e, = 2). These data substan-
tiate both the mode and magnitudes of the parameters in
Fig. 46. This is encouraging since a different loading field
was being experienced for this test. One would expect
such a unique set of curves if indeed a strain energy func-
tion is to have any merit for stress analysis.

Figs. 46 and 47 illustrate the advantages of pursuing a
strain energy function for solid propellant stress analysis
and mechanical properties studies. The ability to stress a
material in any fashion and identify the strain state from
a unique set of curves is a powerful asset. To test this
hypothesis, it would be desirable to observe the relation-
ships between the pertinent partial derivatives and strain
invariants from an inflated cylinder test for a resin motor
made of the same material as the sheet. Note that the
stress-strain field for an inflated motor is quite different
from that of a biaxial stretched sheet. This has been done
(QSR 38-12) and the pertinent variables are plotted in
Fig. 48. All the curves are vertical and asymptotic to
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the ordinate. At first it would appear that no information
was afforded by the inflated cylinder test. To the con-
trary, these curves superimpose quite well upon their
counterparts in Fig. 46. Note that the intersecting mag-
nitudes are about the same, even though a modest amount
of aging occurred in the period between testing (six
months in a desiccator). Hence, the inflated cylinder test
served to fill in a portion of the sought-after curves. An-
other observation for the particular elastomers investi-
gated is that 9W/2I, must be taken into account in any
theory exploiting the strain energy concept, even though
I =1

Having established the validity (although a consider-
able amount of experimental scatter tended to obscure
the results) of the proposed theory and the applicability
of the two types of multiaxial tests with elastomers, atten-
tion is now turned toward the dummy propellant. Fig. 48
illustrates point locations of the partial derivatives and
strain invariants analogous to those shown in Figs. 45,
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46, 47, and 48. The experimental scatter precludes any
mode observations. Lines have been drawn in to specu-
late upon possible curve slopes. These directions are
based on the modes assumed by the unfilled elastomers.
Rationality dictates that some similarity should be ex-
pected between an unfilled elastomer and a filled elas-
tomer experiencing small strains. By making the same

comparison between the data obtained from the inflated
cylinder with that of the biaxial sheet, further insight
may be gained as to the curve mode and magnitudes. In
QSR 38-10, curves are shown for a polyurethane propel-
lant whose properties are similar to those of the dummy
polyurethane propellant. The superposition of Fig. 49
upon Fig. 16 in QSR 38-10 reveals as good a matching
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(in mode and magnitude) as was observed above between
Figs. 48 and 46. Although there is extreme scatter with
the biaxial sheet data, it can again be surmised that the
proposed theory and experimentation can be used to
great advantage for solid propellant physical properties
studies. Confirmation is again given to the fact that I, as
well as oW /0I5, must be included in any general theory
of solid propellants.

The final observations to be taken into consideration
concern the magnitude of the strain energy function as a
function of the invariants. It is again proposed that strain
energy (QSR 38-10) be defined as

W=H(L-3+ NL,—-23+ A —1)

It may now be stated the functional forms B, ¥, and
A are functions of the invariants, or perhaps their deriva-
tives. They are not the leading partial derivatives of the
three dimensional Taylor’s expansion, as had previously
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been implied. A review of what is proposed as an initial
theory is as follows:

(1) It is proposed that the magnitude of strain energy
W, for any particular stress-strain state (eventually
time will be included) can be approximated by the
leading partial derivatives of a three-dimensional
Taylor’s expansion about a given I,, I,, and I, or

w w
Wi=a—-(11—3)+a
ol

(I 3+aW1 1
oL b ) aT(’—)

where

i i i
W, is associated with an invariant set (I, I, Is)

(2) By experimentally obtaining oW/ol,, oW/al,,
oW/sl,, 1., I,, and I; in some fashion (QSR 38-10)
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so as not to have to assume anything about the
material being characterized for a number i of
equilibrium states, a number of independent mag-
nitudes of W, can be obtained.

If an empirical curve, unique only to the material
being characterized, can be established for any
loading condition (e.g., W versus I, I,, I,); then the
strain energy concept would be established.

This empirical curve can be fitted by

w WL —-3)+ WL-8)+ A(L-1)

where Hl, W, and f are at least functions of I,,
I,, and I, and perhaps their derivatives. The most
trivial case would be 1 = C, (const), W = C,

(const), and A = C; (const).
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Figs. 50, 51, and 52 show point strain energy vs. strain
invariant relationships for resin sheet 283C, resin motor
sheet (e,/e; = 1), and resin motor sheet (e,/¢, =~ 2), re-
spectively. The relationships are somewhat nonlinear for
at least small strains. An excellent comparison between
strain energy versus strain invariants can be had by com-
paring the uniaxial strain energy and the inflated cylin-
der strain energy in Table 8 of QSR-12 with that of Figs.
51 and 52. This correlation indicates that the proposed
theory and experimental techniques definitely character-
ize rubber in the small strain realm.

Finally, for completeness, strain energy versus the in-
variants are shown for the dummy propellant in Fig. 53.
The data scatter precludes any obvious curve fitting.
However, if the dashed lines are assumed to be average
representations of the data, then correlation is found with
the data obtained from the inflated cylinder test (Fig. 17,
QSR 38-10).
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7. Conclusion

The first phase of construction of a tension-tension
biaxial sheet tester has been completed. A method was
presented to evaluate the approximate stress magnitudes
at the center of a biaxially stressed propellant sheet.
Rough data obtained from this instrument was compared
with the proposed theory of this study program, together
with results from the inflated cylinder test. A correction
to a previous statement regarding the functional form of
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H , #,and A was made, stating that they were func-
tions of the invariants and possibly their derivatives, but
not the leading partial derivatives of a Taylor expansion.
This correction has in no way altered any of the reported
data and observations of previous QSR’s. It was shown
that the theory and experimental techniques proposed in
this study are at least applicable for unfilled polyure-
thane. Hence, one basis for the advanced study of non-
linear viscoelasticity has been established.
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